An iodine-sulfur process based thermochemical water-splitting (IS process) for hydrogen production has been developed by JAEA as application of a high-temperature gas cooled reactor. The IS process includes a severe corrosion environment which is made to boil and decompose concentrated sulfuric acid. Two kinds of brittle materials, SiC, Si 3 N 4 and Fe-high Si alloy, were reported as materials having enough corrosion resistance in this corrosion environment. The hybrid tube consisting of the Fe-high Si alloy with boiling sulfuric acid-resistant and the carbon steel with the ductility was produced by a centrifugal casting. An evaluation of the characteristics was carried out by hardness measurements, corrosion tests and thermal cyclic tests. The configuration of the hybrid tube by the centrifugal casting was 240 mm in outer diameter, 200 mm in inner diameter and 980 mm in length. The inner layer of the Fe-high Si alloy and the outer layer of the carbon steel stuck at the interface without pores. There is no intermetallic compound at the interface between the carbon steel and the Fe-high Si. The Fe-high Si alloy lining showed enough corrosion resistance in boiling concentrated sulfuric acid. Thermal cyclic tests (100-900 °C) were executed in order to evaluate the interface between the carbon steel and the Fe-high Si alloy. There was no detachment of the interface though the groove and the cracks were generated in the vicinity of the interface by thermal cycling. It is believed that the cracks parallel to the interface is attributed to the tensile stress during the heating process of thermal cyclic test and the flake graphite precipitate on the grain boundary. It was confirmed that the interface possessed the enough strength.
Introduction
Non-renewable resources such as coal, petroleum and natural gas are drawing the attention of researchers toward renewable energy resources. The need for renewable energy sources has been emphasized by the global environmental issues widely recognized recently. Hydrogen is one of the promising renewable energy resources in the future. The reactions of hydrogen with oxygen or air generate water and heat, and this water can be used to reproduce hydrogen by thermochemical water-splitting processes.
The IS process is being considered as promising process for the large-scale production of hydrogen using heat from nuclear power plants (Brown, et al., 2003 , Onuki et al., 2009 
Here, Eq. (1) is known the Bunsen reaction, where gaseous sulfur dioxide reacts with iodine and water producing an aqueous solution of iodic acid and sulfuric acid. Thermal decomposition of hydrogen iodide in Eq. (2) and that of sulfuric acid in Eq. (3) produces hydrogen and oxygen, respectively. By carrying out three reactions sequentially, as a net balance of the process, water can be decomposed into hydrogen and oxygen (Onuki et al., 1994) .
Sulfuric acid from the Bunsen reaction is purified and concentrated and then it is decomposed into SO 3 and SO 2 . The SO 2 is oxidized in a subsequent reaction step, and the H 2 SO 4 is regenerated and recycled back into the process. The O 2 is a byproduct of acid decomposition. The severe thermal and highly oxidizing environment for the acid decomposition presents significant engineering challenges. Considering that the IS process is operated under very severe environments of iodic and sulfuric acids at a wide temperature range from room temperature to 850 °C, corrosion of materials must be an important issue for accomplishment of a successful IS process. Therefore, candidate industrial materials have been screened from the viewpoint of corrosion resistance to the environments in the sulfuric acid decomposition step.
Evaluation of materials for the sulfuric acid decomposition by immersion tests has revealed that high silicon alloys, silicon carbides and silicon nitrides have good corrosion resistance in 98 mass% boiling sulfuric acid . These materials are brittle, however, so it's difficult to use them independently as structural materials. So, hybrid materials that combined the corrosion-resistant and the pressure-resistant functions were made by a centrifugal casting method. The feature of the centrifugal casting method is to supply excellent interface property and thicker lining layer (Zhang et al., 1998 , Biesheuvel et al., 2001 , Zhai et al., 2010 .
In the present work, the hybrid tube that had the liner with corrosion resistance to boiling sulfuric acid was made by the centrifugal casting method. Hardness measurements, corrosion tests, and thermal cyclic tests on the hybrid tube were carried out. The evaluation that paid attention to an interfacial characteristic of the hybrid tube was performed using an optical microscope (OM) and a scanning electron microscope with energy dispersive X-ray spectroscopy (SEM-EDX).
Experimental procedures 2.1 Sample preparation
The hybrid tube of 240 mm in outer diameter, 200 mm in inner diameter and 980 mm in length was made from the centrifugal casting. An outer layer of hybrid tube is carbon steel (Fe-0.25C-0.6Si) of 10mm in thickness, and an inner layer is Fe-high Si alloy (Fe-0.49C-12.5Si) of 10 mm in thickness. To suppress the casting crack to the Fe-high Si alloy, carbon from 0.5 to 1.0 mass% has been added. The carbon steel was melted at 1580 °C and poured into the metallic mold which was heated at 220 °C and rotated by 1094 rpm; and then the Fe-high Si alloy melted at 1570 °C was continuously poured. Specimens were prepared from the hybrid tube.
Evaluation methods
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A cross section observation of the specimen was performed by OM and SEM-EDX in order to investigate the characteristic of the interface between the carbon steel and the Fe-high Si alloy. Hardness around the interface was also measured using a Vickers hardness-measuring instrument. A DUH-200 (Shimadzu Co.) testing machine was used for the hardness test. The load was applied to 0.1N, held 15 second and then removed.
Corrosion tests of the inner layer (Fe-high Si alloy) were performed in 95 mass% boiling sulfuric acid at 317 °C for 24 hours. The corrosion specimen of 30 mm in length, 10 mm in width, 2 mm in thickness was machined from the inner layer. The surfaces of the specimens were polished with #1200 emery paper before corrosion tests. A corrosion cell made of quartz with a capacity of 500 ml was used. The corrosion cell was heated by a mantle heater to maintain a stable boiling condition. Evaporated sulfuric acid was liquefied in a reflex condenser to minimize the evaporation loss. The test period was defined as the time between the moment when the boiling begins and the moment when the heater is shut off. The weight of specimens before and after the corrosion test was measured using an electric balance to calculate the corrosion rate. The surface morphology of the corroded specimen was examined using OM. The elements dissolved in the sulfuric acid was also analyzed in an inductively coupled plasma atomic emission spectrometry (ICP-AES).
To examine interfacial strength of the hybrid tube, thermal cyclic tests were carried out in vacuum. The cyclic test specimen was 30 mm in length, 30 mm in width, 10 mm in thickness, and had the interface at the center. In one cycle of the thermal cyclic test, the cyclic test specimen was heated from 100 °C to 900 °C in 10 minutes, was maintained in 900 °C for 10 minutes, and was cooled down to 100 °C in 60 minutes. The cross section observation of the specimen after thermal cyclic test was examined using OM and SEM-EDX.
Results and discussion 3.1 Characteristic of interface
A cross section of the as-received hybrid tube made by centrifugal casting is shown in Fig.1 . The thickness of the inner layer and the outer layer was almost uniformly 10mm. There was no crack that penetrated through the inner layer though there were a few cracks in the inner layer.
A micrograph around the interface of the hybrid tube is shown in Fig.2 . The inner layer and the outer layer stuck at the interface without pores. Coarse grains were observed in the vicinity of the interface at the Fe-high Si side.
The distribution of alloy elements at the interface was investigated by the SEM-EDX. Figure 3 illustrates Fe, Si and C images in the vicinity of the interface of the hybrid tube. Fe and Si were uniformly distributed in the carbon steel and Fe-high Si alloy, respectively. There is no intermetallic compound, such as Fe 5 Si 3 , FeSi and FeSi 2 , at the interface. It is considered that the intermetallic compounds in the interface will weaken interface strength. Segregation of C was observed in the interface and the grain boundary of the Fe-high Si alloy that was about 200 µm away from the interface. There is no segregation of C around the coarse grains of Fe-high Si alloy. Figure 4 shows a change in Vickers hardness in
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Fe-high Si alloy Mechanical Engineering Journal, Vol.3, No.3 (2016) the vicinity of the interface. The hardness after thermal cyclic test also indicates in Fig.4 . The Vickers hardness of carbon steel and Fe-high Si alloy were 200 and 500, respectively. The hardness of Fe-high Si alloy was 2.5 times higher than that of carbon steel. There was no hardness change in the vicinity of the interface before and after thermal cyclic test.
Corrosion resistance
To confirm the corrosion resistance of the inner layer made by the centrifugal casting method, a corrosion test was carried out in 95 mass% boiling sulfuric acid. Figure 5 shows a SEM micrograph of the Fe-high Si alloy specimen after the corrosion test. Many polishing scratches were observed on the surface. It means that the surface is hardly corroded by boiling sulfuric acid. The corrosion rate calculated from the weight loss was about 0.01 mm/y. The corrosion period of corrosion test is too short, considering the operation time of IS process system. However, it seems that the protection of the specimen was achieved by the formation of silica, SiO 2 (Ioka et al., 1999) . It is expected that the corrosion rate hardly change in the long-term examination. The corrosion rate of the carbon steel performed for comparison was about 6000 mm/y. After the corrosion test of the Fe-high Si alloy, the amount of the elements dissolved in the sulfuric acid measured by ICP-AES was several ppm of order. Therefore, the Fe-high Si alloy of the inner layer showed excellent corrosion resistance against 95 mass% boiling sulfuric acid. Figure 6 shows the micrograph obtained from the SEM for the surface of the specimen after 50 cycles of the thermal cyclic test. Many cracks parallel to the interface were observed in the vicinity of the interface at the Fe-high Si side. The distance between the crack and the interface was approximately 200 µm. There was also a groove along the interface. To examine the groove in details, the surface roughness was measured using a 3D measuring macroscope (VR-3000, KEYENCE). The surface roughness in the vicinity of the interface is shown in Fig.7 . The shape of the groove was asymmetrical against the interface. The groove on the carbon steel side was gradual though the groove on the Fe-high Si alloy side was steep. It is thought that the asymmetry is caused by the difference in the mechanical properties of the carbon steel and the Fe-high Si alloy. The depth of the groove was about 180 µm in Fig.7 . It is implied that the initiation of the cracks and the groove is attributed to the strong bonding between the carbon steel and the Fe-high Si alloy at the interface.
Thermal cyclic test
The relationship between the depth of the groove at the interface and the number of thermal cycles is shown in Fig.8 . The result of the specimen that was held for 500 minutes at 900 °C is added to Fig.8 as a reference. 500 minutes correspond to the total hold time in 50 cycles of thermal cyclic test at 900 °C. The depth of the groove was increased with increasing the number of thermal cycles. The depth of the groove of the hold specimen was one-tenth as large as that of thermal cyclic specimen. For confirmation, a line analysis in the vicinity of the interface of thermal cyclic specimen was performed using SEM-EDX. The results are shown in Fig.9 . There is little change in the amount of Fe and Si in the vicinity of the interface of thermal cyclic specimen as expected. The sharp peaks of C in Fig.9 correspond to the segregation of C at the grain boundary as shown in Fig.3 . The difference in the depth between the groove of the thermal cycle and the hold specimens implies that non-uniform material transfer by the difference in the diffusion rates of Fe and Si (Kirkendall effect) is not a principal cause for a generation mechanism of the groove. Finally, FEM analysis was performed in order to qualitatively discuss the mechanism of the groove generation. The analysis code used was ABAQUS. Figure  10 shows a model for the analysis. Number of elements was 11,700. Each element had the property of isotropic hardening. It was supposed that slipping does not occur at the interface between the carbon steel and the Fe-high Si alloy in the model. To save calculation time of the analysis, the cooling time was made same as the heating time. As for the material properties necessary for the analysis, the thermal expansion coefficient of the Fe-high Si alloy is larger than that of the carbon steel (Hidnert st al., 1944) . It is guessed that the 0.2% proof stress of the Fe-high Si alloy (Hv=500) is also higher than that of the carbon steel (Hv=200) from the relationships between the Vickers hardness and the 0.2% proof stress (Tabor, 1951) . There is no data about creep deformation of the Fe-high Si alloy, but it seems that the carbon steel is deformed easier than the Fe-high Si alloy at high temperature. The material property of the carbon steel substituted that of the lower alloy steel (ASTM A533B) in the analysis since the material property of the carbon steel was not measured in the study. Figure 11 shows the relationship between the displacement at Y direction and cycles. The depth of the groove became deep by repeating the thermal cycle though the calculated value after 50 cycles was different from the experimental value. It seems that the difference caused by uncertainty of the material properties of the FEM analysis. Figure 12 shows the relationship between the stress at X direction and cycles at the interface. The tensile stress occurred to the carbon steel during the cooling process. On the other hand, the tensile stress occurred to the Fe-high Si alloy during the heating process. It seems that the cracks parallel to the interface in Fig.6 is attributed to the tensile stress during the heating process and the flake graphite precipitate on the grain boundary. It is confirmed that the hybrid tube made by the centrifugal casting method possessed an excellent interfacial quality though the groove and the cracks were generated in the vicinity of the interface by thermal cycling.
Conclusions
The hybrid tube that had the liner with corrosion resistance to boiling sulfuric acid was made by the centrifugal casting method. An evaluation that paid attention to an interfacial characteristic of the hybrid tube was performed. A combination of OM, SEM-EDX and 3D measuring macroscope allows us to draw the following conclusions: ! The inner layer and the outer layer stuck at the interface without pores. There is no intermetallic compound at the interface between the carbon steel and the Fe-high Si. Segregation of C was observed in the interface and the grain boundary of the Fe-high Si alloy. ! The Fe-high Si alloy of the inner layer showed excellent corrosion resistance against 95 mass% boiling sulfuric acid.
!
The hybrid tube possessed an excellent interfacial quality though the groove and the cracks were generated in the vicinity of the interface by thermal cycling. Fig.11 Relationship between the stress at X direction and cycles at the interface
